The essential oils of four Teucrium species were studied and 131 components, in all, were identified. All oils were rich in sesquiterpenes (50.0-61.9%). Caryophyllene and caryophyllene oxide were the main components of Teucrium arduini; germacrene D, δ-cadinene and γ-cadinene predominated in Teucrium maghrebinum. Carvacrol and caryophyllene predominated in Teucrium polium ssp. capitatum, while carvacrol, caryophyllene oxide and caryophyllene were the most abundant components in Teucrium montbretii ssp. heliotropiifolium. The germination of radish and garden cress was less sensitive to the four essential oils. The radicle elongation, above all, of radish was significantly inhibited by all oils, in particular by the essential oil of T. arduini, at the highest doses tested. Among the main components of the oils, monoterpenes resulted the more active compounds.
Teucrium is a genus of perennial plants which belongs to the Lamiaceae family: is represented by more than 340 species, distributed mainly in the Mediterranean basin [1] . An unusual feature of this genus compared with other members of Lamiaceae is that the flowers completely lack the upper lip of the corolla. As in other Lamiaceae, the aerial organs of Teucrium spp. are covered by an indumentum of glandular and non-glandular trichomes. Plants of this genus are well known in traditional medicine as antispasmodics, diuretics, antidiabetics [2] , tonics, diaphoretics, analgesics [3] , antiphlogistics, antirheumatics, antiseptics, antihelmintics, carminatives, flavouring [4] and as well as antipyretic and stimulant agents [5] .
The genus Teucrium is one of the richest sources of diterpenes with a neoclerodane skeleton. More than 220 diterpenes have been described to date, many of which are particularly interesting because of their ecological role as antifeedants against different species of insects and of their role in the medicinal properties of the plants [6] . So far, essential oils have been also reported from the aerial parts of several Teucrium species [7] [8] [9] [10] .
Teucrium arduini L. is an endemic Illyric Balcan species; it is a semi-woody, branchy, erect or ascending, dwarf shrub, 10-40 cm (rarely up to 60 cm) high. Whitish flowers form simple, very dense, up to 16 cm long inflorescences. T. arduini grows on calcareous rocky slopes at altitudes between 0 and 1600 m a.s.l. Previous papers reported the biological activities of leaf and flower infusions of this species [11] and the composition of the essential oil [12, 13] .
T. maghrebinum Greuter et Burdet is a species growing in Algeria and Morocco. The plant is called locally "kayatat el gerah" and is used in traditional medicine to treat burns and fevers, as well as an antimicrobial agent [14] . The chemical composition of its essential oil has been reported [8] .
Teucrium montbretii Benth. ssp. heliotropiifolium (Barbey) Davis is an evergreen dwarf (5-20 cm high) semishrub-chasmophyte with lignified branches, opposite and ovate leaves. The different subspecies of T. montbretii show different qualitative contents of neoclerodane diterpenoids [6] ; the essential oil of this species was also analyzed [9] . [15] . It is a perennial and prostrate species with white-tobright pink flowers, crenate leaves and ramified indumentum. This plant is used in folk medicine to treat diabetes and intestinal troubles. Aerial part extracts were known for their anti-inflammatory, antibacterial, antihypertensive, hypoglycemic, hypolipidemic, anorexic and antioxidant activities [9] . The species has been reported for its neo-clerodane diterpenoids and essential oils [16] .
In continuation of our studies on the possible phytotoxic activity of essential oils from plants collected in the Mediterranean area [9, [17] [18] , we analyzed the chemical composition of the essential oils of four different species of Teucrium and carried out in vitro experiments in order to verify the possible effects of the essential oils and of their main components on germination and initial radicle elongation of Raphanus sativus L. (radish) and Lepidium sativum L. (garden cress).
In the four oils, 131 compounds in all were identified (Table 1) : 53 for oil of T. arduini (86.2% of the total oil), 71 for T. maghrebinum (94.0% of the oil), 51 for T. montbretii (93.4% of the oil) and 89 for T. polium (92.4% of the oil). The components are listed in Table 1 according to their retention indices on HP-5 column and are classified on the basis of their chemical structures into 9 classes.
The oil of T. arduini comprised mainly sesquiterpenes (52.2%), particularly sesquiterpene hydrocarbons (30.8%). In particular, 21 sesquiterpene hydrocarbons were present in the oil, with a prevalence of caryophyllene (10.0%), germacrene D (5.8%) and α-humulene (3.1%). In particular, 7 oxygenated sesquiterpenoids were present in the oil, being the main constituents caryophyllene oxide (7.7%), spathulenol (5.8%) and cedrenol (4.8%). Hydrocarbons were quite abundant (10.2%) and were constituted by almost heptacosane (4.0%) and nonacosane (2.8%). Fatty acids (9.7%) were represented by hexadecanoic acid (9.3%), while hexahydrofarnesylacetone (3.8%) was the main constituent among carbonylic compounds (7.6%). Blazevic and coworkers [12] and Kovacevic and coworkers [13] analyzed the essential oil composition of this species: in the both cases, β-caryophyllene and germacrene D were the main compounds, as in the our samples.
In the oil of T. maghrebinum the most abundant compounds were germacrene D (14.3%), δ-cadinene (13.5%) and γ-cadinene (7.5%). On the whole, the oil was constituted mainly by sesquiterpenes (61.9%) and monoterpenes (15.6%). Sesquiterpene hydrocarbons (51.5%) prevailed over oxygen containing sesquiterpenes (10.4%). Twenty-three sesquiterpene hydrocarbons were present in the oil, with a prevalence of germacrene D (14.3%), δ-cadinene (13.5%), γ-cadinene (7.5%) and caryophyllene (4.9%). Among 8 oxygen containing sesquiterpenes, the most abundant was caryophyllene oxide (4.0%). Among monoterpenes, 6 hydrocarbons accounted for the 8.9% of the total oil, with limonene (4.4%) as the main compound, while carvone (2.5%) prevailed among the 12 oxygen containing monoterpenes. The composition of essential oil of T. maghrebinum, growing in Algeria, was studied by Formisano and coworkers [8] : germacrene D, δ-cadinene and γ-cadinene were the most abundant compounds.
The oils from T. montbretii and T. polium from Greece were previously analyzed by us [9] ; for the present study the aerial parts of the plants have been collected again in the same place and the GC and GC-MS analyses have been repeated on the new samples. Table  1 shows that results obtained in the present study are similar to those of the previously studies [9] , even if the percentages of some components are slightly different.
In the essential oil of T. montbretii, the main fraction was constituted by sesquiterpenes (50.0%). Among these, sesquiterpene hydrocarbons (29.4%) prevailed on oxygen containing sesquiterpenes (20.6%). In the first fraction caryophyllene (8.2%), germacrene D (3.7%), allo-aromadendrene (2.8%) and α-humulene (2.8%) predominated, while among the 11 oxygen containing sesquiterpenes the most abundant compounds were caryophyllene oxide (8.8%) and caryophyllenol II (3.2%). The phenols were quite abundant (14.3%) and were constituted almost entirely by carvacrol (13.5%). Fatty acids (13.1%) were mainly represented by hexadecanoic acid (10.7%), while linalool (2.7%) was the main constituent of oxygenate monoterpenes (3.1%). The composition of the oil of T. montbretii confirmed literature data [9] , in which the main fraction was constituted by sesquiterpenes.
As in the other oils studied, in the oil of T. polium sesquiterpenes constituted also the main fraction and accounted for the 55.2% of the total oil with a prevalence of sesquiterpene hydrocarbons (33.9%) over oxygen containing sesquiterpenes (21.3%). Among the 30 sesquiterpene hydrocarbons, caryophyllene (10.1%), germacrene D (3.9%), α-humulene (3.4%), δ-cadinene (3.1%) and α-amorphene (2.5%) were the most abundant. In the other fraction, torreyol (6.5%), caryophyllene oxide (5.0%) and α-cadinol (4.0%) prevailed. Monoterpenes contributed for the 16.2% of the oil with a predominance of oxygen containing Chemistry and phytotoxic activity of Teucrium essential oils Natural Product Communications Vol. 5 (12) 2010 1973 monoterpenes (15.0%), particularly cis-verbenone (4.0%) and cis-verbenol (2.0%).
The phenolic compounds (10.3%) were represented almost entirely by carvacrol (9.6%). The chemical analysis of the essential oil of T. polium was also reported by Antunes and coworkers [19] and Cozzani and coworkers [20] with different compositions.
The four essential oils were evaluated for their phytotoxic activity against germination and initial radicle elongation ( Table 2 ) of radish and garden cress, two species usually utilized in biological assays [21] . Also the main components of these oils were assayed for the same activity ( Table 3 ).
The oils affected the germination and the radicle elongation of radish and garden cress in a distinct way. Radicle elongation seemed to be more affected in comparison to germination. The germination of radish did not appeared sensitive to the four essential oils: only the essential oil of T. polium, at a dose of 1.25 μg/mL, significantly inhibited the germination of radish. The germination of garden cress did not appeared sensitive to the four essential oils, too: only the essential oil of T. arduini, at the highest dose tested, significantly inhibited the germination of garden cress. The radicle elongation of radish was significantly inhibited by the all oils: particularly, the essential oil of T. arduini, at the highest doses tested, inhibited the radicle elongation of radish, and in minor measure, of garden cress. The essential oil of T. montbretii inhibited only the radicle elongation of radish, at the dose of 1.25 μg/mL.
The main components, both monoterpenes and sesquiterpenes, were also assayed against germination and radicle elongation of two seeds at four concentrations (10 -3 -10 -6 ). Monoterpenes resulted the more active compounds: in fact, limonene was the most active compound, at the highest doses assayed, against both germination and radicle elongation of radish; also carvacrol is very active in inhibiting radicle elongation of garden cress.
Among sesquiterpenes, allo-aromadendrene, at 10 -4 M, inhibited, in a significative way, only the germination of garden cress; caryophyllene, at the lowest dose, inhibited significantly only the germination of radish. On the other hand, caryophyllene oxide promoted the germination of this seed. Radicle elongation of the seeds was never affected.
In previous papers, Kordali and coworkers [22] reported that limonene and β-pinene inhibited seed germination of Chenopodium album. Also linalool completely inhibited seed germination of Cassia occidentalis.
Kordali and coworkers also reported phytotoxic activity of carvacrol [23] .
The different degrees of biological activity could be related to the composition of the essential oils: in particular, the presence of monoterpenoids [18] could explain the biological activity. Although the mechanisms of essential oil action against germination is still unclear, it reported that volatile oils, monoterpenoids and also sesquiterpenoids inhibit cell division and induce structural breaks and decomposition in roots [18, 24] . In a previous paper, we demonstrated that essential oils of different species of Salvia, rich in sesquiterpenoid compounds, showed a good antigerminative activity, both in vitro and in vivo [18] . So, both monoterpenoids and sesquiterpenoids appear to be involved in allelopathic effects: some monoterpenoids, as citronellol, linalool, α-pinene and limonene, are potent inhibitors of seed germination and radicle elongation; moreover, sesquiterpenoid compounds, as β-maaliene, α-isocomene, β-isocomene, δ-cadinene, 5-hydroxy-calamenene and 5-methoxycalamenene were recently shown to inhibit the seedling growth of associated native vegetation, and thus possibly help in successful invasion in the introduced sites [18, 25] . 
Isolation of the essential oils:
The air-dried samples were ground in a Waring blender and then subjected to hydrodistillation for 3 h using n-hexane as a solvent. The extracts were dried over anhydrous sodium sulphate and then stored in sealed vials, at 20°C, ready for the GC and GC-MS analyses. The hydrodistillation yielded 0.5%, 0.9%, 0.7% and 0.8% of pale yellow oil (on a dry mass basis) for T. arduini, T. maghrebinum, T. polium ssp. capitatum and T. montbretii ssp. heliotropiifolium respectively. 
GC and GC/MS analyses:
GC analyses were carried out on a Hewlett Packard Sigma 115 gas chromatograph equipped with FID and a HP 5MS fused silica capillary column (30 m x 0.25 mm i.d.; film thickness: 0.25 μm). Column temperature: 40°C, with 5 min initial hold, and then to 260°C at 2°C/min, 260°C (20 min); injection mode splitless (1 µL of a 1:1000 n-pentane solution). Injector and detector temperatures were 250°C and 290°C, respectively. Analysis was also run by using a fused silica HP Innowax polyethylenglycol capillary column (50 m x 0.20 mm, i.d.; 0.25 µm film thickness). In both cases, carrier gas was He, with flow rate of 1 mL/min. GC-MS analyses were performed on an Agilent 6850 Ser. II apparatus, fitted with a fused silica DB-5 capillary column (30 m x 0.25 mm i.d.; 0.33 μm film thickness), coupled to an Agilent Mass Selective Detector MSD 5973; ionization energy 70 eV; electron multiplier voltage 2,000 V. Mass spectra were scanned in the range 40-500 amu, scan time 5 scans/s. Gas chromatographic conditions were as reported above; transfer line temperature, 295°C.
Identification of components:
Most constituents were identified by gas chromatography by comparison of their linear retention indices (LRI) with either those of the literature [26, 27] or with those of authentic compounds available in our laboratories. The linear retention indices were determined in relation to a homologous series of n-alkanes (C 8 -C 28 ) under the same operating conditions. Further identification was made by comparison of their mass spectra on both columns with either those stored in NIST 02 and Wiley 275 libraries or with mass spectra from the literature [26, 28] and a home made library. Components relative concentrations were obtained by peak area normalization. No response factors were calculated.
Biological assay:
A bioassay based on germination and subsequent radicle growth was used to study phytotoxic effects of the essential oils of T arduini, T. maghrebinum, T. montbretii ssp. heliotropiifolium and T. polium ssp. capitatum on seeds of Raphanus sativus L. cv. "Saxa" (radish), and Lepidium sativum L. (cress). Seeds of L. sativum and R. sativus were purchased from Blumen srl, Piacenza, Italy. The seeds were surfacesterilized in 95% ethanol for 15 s and sown in Petri dishes (Ø=90 mm), containing five layers of Whatman filter paper, impregnated with 7 mL of distilled water (control) or 7 mL of tested solution of the essential oil at the different assayed doses. The germination conditions were 20 ± 1 °C, with natural photoperiod. The essential oils, in water-acetone mixture (99.5:0.5), were assayed at the doses of 2.5, 1.25, 0.625, 0.25, 0.125 and 0.062 μg/mL. The pure compounds, dissolved in water-acetone mixture (99.5:0.5), were assayed at the concentrations of 10 -6 M, 10 -5 M, 10 -4 M, and 10 -3 M. Controls performed with water-acetone mixture alone showed no appreciable differences in comparison with controls in water alone. Seed germination was observed directly in Petri dishes, each 24 h. Seed was considered germinated when the protrusion of the radicle became evident [29] . After 120 h (on the fifth day), the effects on radical elongation were measured in centimeters. Each determination was repeated three times, using Petri dishes containing 10 seeds each. Data are expressed as the mean ± SD of both germination and radical elongation. The Student's t test of independence was applied [30] .
